Abstract-The Rutherford-type superconducting NbTi cables of the LHC accelerator are currently manufactured by six industrial companies. As a part of the acceptance tests, the Residual Resistivity Ratio (RRR) of superconducting strands is systematically measured on virgin strands to qualify the strands before cabling and on extracted strands to qualify the cables and to check the final heat treatment (controlled oxidation to control interstrand resistance). More than 12000 samples of virgin and extracted strands have been measured during last five years. Results show good correlation with the measurements done by the companies and reflect well the technological process of cable production (strand annealing, cabling, cable heat treatment). This paper presents a description of the RRR-test station and the measurement procedure, the summary of the results over all suppliers and finally the correlation between RRR-values of the cables and the magnets.
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I. INTRODUCTION
T HE LARGE Hadron Collider (LHC) is currently under construction at CERN. This machine, mainly intended to provide proton-proton collisions with a center-of-mass energy of 14 TeV [1] , [2] , is scheduled to be operational in 2007. The LHC accelerator will require more than 8000 various superconducting magnets [3] . Among them, the dipole and quadrupole magnets will use superconducting (SC) NbTi cables for their coils and will be operated in superfluid helium at 1.9 K [4] , [5] . For this purpose, around 7000 km of Rutherford-type NbTi cables are currently mass-produced by six industrial firms around the world. The SC cables, used for dipole inner layer (01 type) and for dipole outer layer and quadrupole magnets (02 type), are made of 28 and 36 strands respectively.
The residual resistivity ratio (RRR) of LHC SC strands is defined as the ratio of resistance at 293 K to the resistance at 10 K [5] . As the resistance of a superconductor (NbTi) is significantly higher than the resistance of copper (more than 30 times at 293 K) and the copper to superconductor volume ratio (Cu/Sc) is about 1.6-2.0, the RRR of SC strands reflects mainly the properties of copper used as matrix material in the strands (see Fig. 1 ). Therefore the RRR of the LHC strands is one of the quality assurance parameters of the final SC cables directly related with electrodynamic stability of the magnets and limitation of the hot spot temperature in the coil in case of a quench. The main characteristics and RRR-specifications of 01-type and 02-type strands are summarized in Table I . 
TABLE I LHC SC STRANDS CHARACTERISTICS
As a part of the acceptance tests of the conductors, the RRR of SC strands is systematically measured at CERN on virgin strands (i.e. before cabling) to qualify the multifilament billets (strand production units). After cabling, strands randomly selected and extracted from the cable are tested to qualify the cable itself. More than 12 000 samples of virgin and extracted strands have already been measured during last five years. The report gives a description of the test station and the measurement procedure, and presents the summary of the results over all suppliers, examples of RRR evolution during production and some comparisons between RRR-values of the cables and the magnets.
II. EXPERIMENTAL SETUP AND PROCEDURES
As was mentioned before, RRR of SC samples is the ratio between the electrical resistivity at 293 K and that at the temperature just above the critical temperature which is about 10 K for NbTi wires. fiberglass holder (130 100 mm) and connected in series (see Fig. 2 ). While the current is ramping up step by step trough the samples, the voltage drop on each sample is measured. The electrical resistances are calculated by a least square fit (regression analysis) of the obtained UI-curves in order to obtain the best slopes. The nonlinearity of UI-curve is used as one of the test quality criteria to control an ohmic heating in case of a room temperature test and to check a full super-to-normal-conducting transition at a cold test. The maximum number of samples that can be mounted on the holders is 20. The sample length is about 110 mm, while the voltage taps length is about 80 mm. One of the wires is always kept mounted on the holder and is used as a reference wire. The temperature is verified by a calibrated carbon-ceramic resistor [6] fixed close to the reference wire. During the tests the holder is always in horizontal position to minimize the thermal non uniformity along the samples.
All the communications between the workstation and the data acquisition instruments are performed by means of an ANSI/ IEEE-488.2(GPIB) bus, the instruments being controlled by a LabVIEW based program. The acquisition instruments (Nanovoltmeter KEITHLEY2182, voltmeters KEITHLEY2001 and KEITHLEY2000) are regularly calibrated according to Swiss national standards.
A. Warm Test
19 selected samples are fixed on the holder which in turn is mounted on the "sample insert"-a special support to put a holder into the cryostat for the cold test. The test at room temperature is performed in a specially designed "warm test box" where the temperature is regulated to by a thermostat. The box is designed in such a way that a sample holder being already mounted on the sample insert can be installed there. Excitation current is varied from 0 to 1 A, while the voltage drops are in the range of 1-5 mV. The used range of excitation satisfies the requirements of sufficient sensitivity and negligible ohmic heating.
B. Cold Test
The cold measurements take place in a conventional 4.2 K liquid helium cryostat, which is also used for the contact (interstrand) resistance measurements of LHC cables [7] . Automatic ABB software is fully controlling all the cryogenic operations, including cooling to 4.2 K, filling the cryostat with liquid helium to the required level and warming up the station. The schematic description of a cold test is shown in Fig. 3 .
The resistance at low temperature is measured by warming up the samples from 4.2 K to a temperature just above the superconductor critical temperature (about 10 K for LHC strands). This condition is achieved by turning on the heater installed on an intermediate vertical tube to heat up the helium gas around the samples. The resistance of a reference wire and the temperature close to samples are measured during the warm up to ensure that the transition to normal state occurs and are used to trigger the UI-curve scanning of all mounted samples. The current is varied from 1 A up to 10 A, while the signal voltages are about 0.01-0.2 mV.
The UI-measurement takes a couple of minutes while the temperature does not deviate more than 0.5 K. The servomotor located on the top part of the insert allows to move down a holder, i.e. put the samples back to superconductor state, and to repeat a test procedure in case of necessity.
Finally, an automatic analysis is applied on the measured data to get the resistances from the UI-curve slopes. The RRR-values are calculated as the ratio with an estimated total uncertainty of 1%, where and are the resistances at room and cold temperatures respectively. Then the obtained values are validated on condition the requirements to the linearity of UI-curves, the temperature spread and reference sample data. At the same time the valid results are loaded to the central Oracle database to be used in the quality control following. The RRR-test facility can provide testing 38 samples per working day, i.e. around 9000 samples per year.
III. SUMMARY OF RRR-MEASUREMENTS ON LHC STRANDS
During the last five years more than 12 000 samples of virgin and extracted LHC SC strands coming from six suppliers have been tested at CERN. The results of measurements (average, standard deviation and number of samples tested) are summarized in the Table II . The first column contains the results of measurements on virgin strands after the "annealing", which is defined as a heat treatment at moderate temperature for restoring a high value of RRR before coating and cabling [5] . Those values reflect the initial purity of the raw copper and the state of annealing as well. They are taken into account in the billet (SC strand production unit) acceptance procedure. About 30 billets with low RRR-values have been detected.
The second column contains the RRR-values of the strands extracted from SC cable just after the cabling. Those tests are done by the firms and their values reflect the "cold work" due to the cabling. The results presented in last column have been measured on the strands extracted from SC cables after the final heat treatment done at 200 during few hours to control the interstrand contact resistance, i.e. from the cables which are ready to be sent to the magnet manufactures. Those data can be used to estimate RRR-values of LHC magnets, can be taken into account to calculate the hot spot temperature in case of quench, etc.
To control the annealing process during SC strand production, the RRR of strand samples is also measured by supplier companies. So the RRR results on virgin strands done by CERN are used, besides the billet acceptance, to crosscheck of RRR data sent by companies. As an example, the comparison of overall measurements on virgin strands is presented in Fig. 4 . The picture shows a fair correlation, about 0.93, between CERN and companies results.
The Figs. 5, 6 and 7 presents the RRR-value of SC strands versus cable production id-code for the different technological stages (01B, 02B, 02K types taken as an example). The upper points are the RRR of final cables, the lower points are the RRR Fig. 5 . RRR of LHC SC strands (01B type) versus cable production id for the different production stages. Fig. 6 . RRR of LHC SC strands (02B type) versus cable production id for the different production stages. Fig. 7 . RRR of LHC SC strands (02K type) versus cable production id for the different production stages.
of cables just after cabling and the middle ones are the averaged RRR of virgin strands which have been used for cabling 
V. CONCLUSION
A test facility for the mass measurement of RRR on superconducting NbTi strands has been developed and successfully operated at CERN. Capacity of the described RRR test facility is 38 samples per working day, i.e. around 9000 samples per year.
This capacity fully satisfied the needs in the RRR-tests foreseen for the acceptance of LHC SC strands and for the final approval of LHC cables.
Experience of thousands of tests shows good precision (about 1%) and reliability of the developed facility. Results show a fair correlation with the measurements done by the companies and reflect well the technological process of cable production (strand annealing, cabling, cable heat treatment). In the near future it is foreseen to adapt the test environment to measure superconducting samples.
